Gliomas constitute the largest group of adult primary brain tumors. 1 While surgical treatment alone of some grade I gliomas may result in a cure, there is currently no cure for higher-grade tumors. Grades II and III gliomas will eventually undergo transformation to higher grades, and thus surgical removal combined with chemo/radiotherapy is not curative, but will significantly delay progression and extend survival. The timeframe for progression of low-grade diffuse (ie, grade II) gliomas is approximately 5-15 years. 2 On the other end of the scale, grade IV gliomas (glioblastoma [GBM]) have a markedly short median overall survival (OS) of merely ~15 months. 3 Medicine, Cleveland, Ohio (C.N.d.L.) ; Brain Tumor and NeuroOncology Center and Department of Neurosurgery, Cleveland Clinic, Cleveland, Ohio (M.A.V.) 
de Leeuw and Vogelbaum. Supratotal resection in glioma: systematic review aggressive brain tumor, but also the most common primary malignant adult brain tumor. As advances in immunotherapies, virus or gene therapy, and other small molecule therapeutics are pursued, 4,5 the best approach presently remains to excise as much of the tumor as possible, as indicated by greater extent of resection (EOR) and improvements in survival. [6] [7] [8] [9] [10] [11] [12] [13] [14] However, research has demonstrated that tumor cells can be found, albeit at lower frequency, at distant sites from the primary lesion [15] [16] [17] [18] and even as far as the opposite hemisphere, 19 indicating that merely "complete" resection of the tumor may not be enough. Despite this, it has been shown that a near complete EOR (>98%), resulting in less than 1 or 2 cc of residual bulk (enhancing) tumor, could significantly prolong life in patients suffering from these tumors. 10, 20 Similarly, aggressive resection in low-grade tumors may also further delay progression to anaplastic transformation and result in improved overall survival. 7, 21 Extent of resection has served as a metric by which to judge the success of surgical tumor removal and with which to correlate improved long-term outcomes, such as progression-free survival (PFS) and OS. While many studies have supported this metric thus far 8, 9 and EOR is intrinsically linked to residual tumor volume, there are now indications that the residual tumor volume may be a more valuable and accurate metric in determining outcomes. 10 In order to achieve greater EOR, stepwise improvements in survival have been achieved with the use of fluid attenuated inversion recovery (FLAIR) imaging, [22] [23] [24] ultrasoundguided resections, 25 intraoperative MRI (iMRI), 11, 26, 27 or 5-aminolevulinic acid (5-ALA), 11, 28 a precursor in porphyrin biosynthesis which results in preferential fluorescence accumulation in tumor cells. Jenkinson et al reviewed the use of intraoperative imaging improvements to maximize EOR, and found 4 randomized controlled trials in support of iMRI, 5-ALA, and neuronavigation, but stated that evidence of improvements in OS and PFS was lacking. 29 Recently, studies in primarily low-grade glioma have suggested that more aggressive resection using intraoperative electrostimulation to identify functional or eloquent brain can result in supratotal resection, which may improve PFS and OS. [30] [31] [32] [33] [34] This modality is not without concern, as patients could suffer permanent neurological deficits for a decade or longer. Therefore, we sought out the evidence to support supratotal resection, in both low-grade and high-grade glioma.
Previously, some studies have defined supratotal resection as resection beyond T1 enhancement but within the boundaries of FLAIR abnormalities. 35 Here, we defined true supratotal resection as resection beyond any visible MRI abnormalities, including FLAIR boundaries, which may be achieved via 5-ALA guided removal of tumor tissue, the use of iMRI for non-enhancing residual tumor, or resection until eloquent or functional tissue is reached.
For this systematic review, we searched the published literature for all studies that consisted of patients undergoing supratotal resection. We also searched for registered clinical trials that have assessed this parameter. The focus of this systematic review is on the impact of supratotal resection on measures of survival.
Methods
As a template for the methodology, we utilized the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines for systematic reviews. This review was not registered as a systematic review protocol in the Cochrane database.
Search Strategy
Queries were completed in 4 databases: EMBASE, MEDLINE, Scopus, and Web of Science. In Scopus and Web of Science, 2 different strategies were employed to obtain articles relating to "supratotal resection": (i) searching for papers related to glioma resection and FLAIR [glioma* AND flair AND resect*], and (ii) glioma with supra-or super-total, -marginal, -maximal, or -complete resection [ 
Inclusion and Exclusion Criteria
Studies were included if supratotal resection was mentioned or implied in the title or the abstract, as defined in the "Search Strategy" section. Included studies were those
Importance of the study
Glioma tumor cells are found at low frequency in areas distant from imaging abnormalities. These cells are likely involved in recurrence and progression, following resection of the tumor mass as defined on MRI. An emerging concept in neurosurgical oncology is to continue resection, when safe, beyond MRI abnormalities observed on T1-enhanced and T2-FLAIR modalities (ie, "supratotal resection"). However, the quality and level of evidence to support the widespread application of the supratotal resection approach has not been determined.
In this study, we performed the first systematic review of all the literature on supratotal resection, and we further subdivided the studies to evaluate those performed in low-grade glioma, where the risk of neurological deficits could result in long-term quality of life consequences, and those performed in high-grade glioma, where extension of survival benefit is desperately needed. We identified low quality evidence in support of the supratotal resection approach, necessitating further research with larger cohorts and clearly defined outcome metrics.
de Leeuw and Vogelbaum. Supratotal resection in glioma: systematic review NeuroOncology which contained patients undergoing resection beyond the T1 ± gadolinium (Gd) and T2 MRI imaging modalities, including FLAIR. Only primary gliomas were considered. Studies were excluded if they mentioned supratotal resection but did not contain any such patients, or if the surgical treatment was for CNS metastases. Reviews, editorials, and descriptive works without survival-related outcomes were eliminated.
Data Extraction
Duplicates were automatically eliminated from the articles of the initial database searches using the EndNote software package first, and then additional duplicate entries manually eliminated by comparing authors, publication dates, and titles. The titles of the remaining unique publications were then reviewed independently by the authors to select articles relevant to supratotal, supramaximal, supracomplete, or supramarginal resection of glioma (hereafter simply referred to as supratotal). Subsequently, the abstracts of the selected articles were reviewed for eligibility within this study. Full text was further evaluated for reporting data on supratotal resection. Data extraction was performed using a standardized template. The final list of articles was assessed using the Oxford Center for Evidence 
Quality Assessment and Risk of Bias
Studies were examined for quality based on whether they were retrospective or prospective, included control groups, performed appropriate statistical analyses, and contained single-center or multicenter data. OCEBM criteria were applied.
Results

Search Results
The initial database search returned 530 total records, of which 214 duplicates were removed by automatic and manual screening in EndNote X8, yielding 306 records for title screening published between 1965 and 2017 ( Fig. 1 ). An additional 3 records were considered based upon reviewing references. A further 145 records were excluded as being unrelated during screening of titles. Abstract review of the remaining 164 records resulted in the exclusion of 123 records, with 41 considered in the full-text analysis. Of these, 7 were suitable for inclusion in qualitative analysis, and 0 were suitable for quantitative meta-analysis. Publication dates of included articles ranged from 2011 to 2017. Study characteristics are reported in Table 1 .
Overall Findings
The 7 included studies consisted of 88 unique patients undergoing supratotal resection in a combined cohort of 492 patients. The age range for the entire cohort was 18 to 82 years, consisting of 214 males and 278 females. None of the studies were conducted in the United States or Canada. Patient data were utilized from nearly 2 decades, spanning November 1998 to November 2015. All studies consisted of a subset of patients wherein resection was beyond the margins denoted by FLAIR imaging. The highest level of evidence (OCEBM) was 3, in a single study by Eyüpoglu et al. 36 All others were graded as level 4. Of particular note is a study by Li et al 35 (excluded) which assessed maximal surgical resection in 1229 glioblastoma patients. This study defined supratotal resection as beyond the T1-enhancing regions with a small portion of patients (n = 39) who also had resection of 90-100% of the FLAIR abnormalities. Thus, there may be a subset of these 39 patients who qualify as supratotal as defined here; however, the data presented do not indicate which patients had 100% removal of FLAIR and thus could not be included for consideration in this study. Five publications from a single research group based in France conducted studies on supratotal resection of lowgrade glioma. Of these 5 studies, 2 included statistical analyses. Two of the low-grade studies were prospective, whereas 3 were retrospective. There was a total of 37 unique supratotal resection patients and 68 non-supratotal.
Two studies contained a partially overlapping cohort of patients (n = 6 overlapping): Yordanova (2011) and Duffau (2016) ( Table 1) .
Two separate research groups each conducted research on supratotal resection of high-grade glioma, both with statistical assessments. One study consisted of a parallelgroup single-center trial, whereas the second was retrospective in nature. A total of 51 patients had undergone supratotal resection, and 336 had not.
Low-Grade Gliomas
The first study of supratotal resection in World Health Organization (WHO) grade II glioma was published by Yordanova et al 34 in 2011 ( Table 2 ). Fifteen patients underwent resection beyond FLAIR boundaries using an "asleep-awake-asleep" protocol of intraoperative functional electrostimulation. Recurrence rate, anaplastic transformation, and salvage chemotherapy administration were compared between this group and 29 control patients with complete resection (ie, gross total resection). Postoperative follow-up duration of supratotal patients had a mean of 35.7 months (range, 6-135 mo). Recurrence rate was 41% in controls and 26% in supratotal resections, but did not reach statistical significance. No instances of anaplastic transformation occurred in those patients undergoing supratotal resection (P = 0.037), in contrast to 24.1% of patients with complete resection. Salvage therapy (radiotherapy or chemotherapy) was used in only 1 supratotal resection patient, compared with 10 in the control group (6.7% vs 34.5%, P = 0.043).
Similarly, Lima et al 37 evaluated outcomes of EOR in incidental diffuse low-grade glioma in 19 patients. Supratotal resection was achieved in 5 patients. The combined PFS of supratotal (n = 5) and total resection patients (n = 5) had not reached the median versus 65 months (P = 0.006) for the combined group of subtotal (n = 7) and partially resected patients (n = 2). Subtotal resection was defined as <10 cm 3 residual tumor, whereas partial was ≥10 cm 3 . Salvage radio/chemotherapy was administered in 75% of subtotal and partially resected patients upon tumor progression, whereas none of the supratotal and total patients received salvage therapy (P < 0.001). None of the patients in the study suffered neurological deficits, and 18 patients (94.7%) had a postoperative KPS of 100. The average follow-up for supratotal and total resection was 38.7 months (median: 37.5 mo, range: 25-41), and in subtotal and partial 89.2 months (median: 61.0 mo, range: 29-231). By homoscedastic Student's t-test comparison, there was a significant difference in follow-up time (P = 0.041, our analysis). Patients undergoing supratotal/total resection had an average age at surgery of 35.3 years (median: 36 y), whereas those undergoing subtotal/partial had an average age of 26.7 years (median: 26 y) (P = 0.051, homoscedastic Student's t-test; our analysis).
The 3 remaining studies of low-grade glioma did not include statistical comparisons. 30, 31, 38 Duffau et al 31 reported on 11 patients with WHO grade II glioma incidentally found in the left hemisphere in or near eloquent areas. Supratotal resection was achieved in 3 patients using the "asleep-awake-asleep" protocol. KPS score de Leeuw and Vogelbaum. Supratotal resection in glioma: systematic review NeuroOncology was 100 at >3 months postoperatively, and there was no administration of anti-epileptic drugs (AEDs), and no seizures reported with a total follow-up of 5-8 months for supratotal resection patients. In 2015, four supratotal resections were achieved in a series of incidental low-grade glioma published by Lima et al. 38 Follow-up ranged from 22 to 40 months postsurgically. None of the patients had early or delayed postoperative seizures, long-term use of AEDs (which were utilized in the early postoperative period, <3 months), or adjuvant therapy. All patients were still alive, had a KPS score of 100, and had returned to normal social and professional life. In a subsequent publication by Duffau and colleagues, 30 a set of 16 supratotal resection patients with diffuse lowgrade glioma were evaluated for long-term outcomes. Six of these patients were previously reported on (all left hemisphere tumors), 34 with 10 new patients (all right hemisphere tumors). Patients were 26-63 years of age and presented preoperatively with a KPS score between 90 and 100 and a tumor volume at surgery of 2-55 mL (mean, 25.5 mL). Fifteen of the 16 patients had presented with seizures. The volume of the surgical cavity ranged from 6 to 63 mL (mean, 35.6 mL). Four patients were confirmed histologically to have astrocytoma and 12 confirmed as oligodendroglioma. Postoperative follow-up was 97-198 months (mean, 132 months). Eight patients had relapsed between 32 to 105 months, five of whom had received adjuvant treatment thereafter (surgery, chemotherapy, and/or radiation). There was no long-term epilepsy in any of the 16 patients, but 4 patients were taking AEDs. None had undergone transformation to higher-grade gliomas at last follow-up, and KPS scores ranged 80-100.
High-Grade Gliomas
Two studies from separate research groups evaluated supratotal resection in high-grade gliomas (primary glioblastoma) in a total of 51 patients and 336 non-supratotal controls between December 2001 and November 2015 (Tables 1, 3) . 36, 39 In the Dual intraoperative Visualization Approach (DiVA) study by Eyüpoglo et al, 36 gross total resection (n = 75, retrospectively identified control group) was compared with supratotal resection using a surgical strategy consisting of 5-ALA administration and iMRI (n = 30, prospectively selected). The following comorbidities were similarly distributed in both groups: diabetes mellitus, hypertension, hypercholesterolemia, bronchial asthma, cardiovascular diseases, obesity, and gastrointestinal disease. Tumor volume and median age were similar in both groups. Supra-complete (ie, supratotal) resection was defined as including 100% resection of both T1 ± Gd and T2/FLAIR abnormalities ( Table 3) . The DiVA protocol consisted of iterative use of 5-ALA and neuronavigation with iMRI until no more residual tumor could be detected (ie, no distinct or vague 5-ALA fluorescence). EOR in the DiVA arm ranged from 104-364%, with an average of 170 ± 75% (mean ± SD). EOR was set to 100% by definition in the gross total resection control arm. No significant differences existed for KPS scores either pre-or postoperatively (control: KPS preop 77 ± 10%, postop 76 ± 10%; DiVA: KPS preop 77 ± 15%, postop 77 ± 14%). However, survival was significantly increased in the DiVA group compared with control (control: 13 ± 6 months; DiVA: 19 ± 11 months; P < 0.004 by log-rank and P < 0.0081 by Gehan-Breslow-Wilcoxon). Specifically, survival was increased for both tumors in noneloquent (Functional Grading System [FGS] I; P < 0.012 by 34 were included based on a longer follow-up.
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log-rank) and eloquent-adjacent areas (FGS II; P < 0.010 by log-rank). FGS III, or tumors within eloquent brain, was not included in this study. There were no significant differences in motor deficits, visual field deficits, speech impairment, cognitive deficits, or seizures either pre-or postoperatively. In the control group only, there was a significant inverse correlation between patient age and OS (P = 0.035, Spearman r), but not in the DiVA group (P = 0.306, Spearman r). There was no correlation between initial tumor volume and OS for either group. Although assignment of the control group was not done at the same time as the experimental group, the authors noted no differences between initial mean tumor volume (28 ± 21 cm 3 in control vs 30 ± 24 cm 3 in DiVA group, P = 0.932) in all patients, or O 6 -methylguanine-DNA methyltransferase (MGMT) methylation in a subset of randomly tested samples (P = 0.1344). Furthermore, there was no correlation between MGMT methylation and OS (P = 0.325 for control group, P = 0.280 for DiVA group). Isocitrate dehydrogenase (IDH) mutation status was not assessed.
A second retrospective study, by Pessina and colleagues, evaluated 282 newly diagnosed GBM patients undergoing surgery and concurrent chemo-and radiation therapy, with a goal of maximal resection according to functional boundaries utilizing imaging and brain mapping. 39 Median preoperative tumor volume was 59.1 cm 3 , and 7.1% of tumors were located in eloquent brain, 70.2% in near eloquent areas, and 22.7% in non-eloquent regions. Residual tumor volume was assessed at 24 h post-surgery (3T MRI with contrast-enhanced T1 and FLAIR, and diffusion-weighted imaging to exclude ischemic injury). Supratotal resection was achieved via resection of 100% of the enhanced and FLAIR abnormalities in 21 patients only, when it was safe to do so and not contraindicated by important cortical and subcortical structures after stimulation. Median follow-up time for the entire cohort was 13.8 months (range, 4.0-86.5 mo). Recurrence occurred in 73.0% of cases. Several factors were found to influence PFS and OS after multivariate correction: KPS and PFS (P < 0.001), KPS and OS (P < 0.001), age and PFS (P = 0.03), age and OS (P = 0.004), MGMT methylation status and PFS (P = 0.02), MGMT methylation status and OS (P = 0.02), EOR and PFS (P = 0.001), EOR and OS (P = 0.001), amount of FLAIR removal and PFS (P = 0.03), and amount of FLAIR removal and OS (P = 0.001). Specifically, the median PFS for supratotal resection was 24.5 ± 2.4 months and median OS was 28.6 ± 5.2 months, compared with gross total resection PFS of 11.9 ± 0.6 months and OS of 16.2 ± 1.2 months. Decreases in PFS and OS were observed with subtotal and biopsy cases. The authors identified a cutoff of 45% removal of the FLAIR residual tumor volume as having an impact on 2-year OS: 54% survival with lower residual tumor volume, compared with 12% with higher residual tumor volume. Fewer patients had worsened or developed new neurological deficits with supratotal resection (n = 1 of 21; 4.8%) compared with gross total resection (n = 8 of 60; 13.3%) or subtotal resection (n = 16 of 143; 11.2%), but not biopsy (n = 2 of 58; 3.4%). Tumor location was not utilized as a predetermined randomized variable and may not have been balanced between resection groups. IDH mutation status was assessed in all patients, with only 9 (3.2%) having a mutant allele. Abbreviations: BOLD, blood oxygenation level dependent; DWI, diffusion-weighted imaging; MPRAGE, magnetization-prepared rapid acquisition with gradient echo.
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Discussion
Supratotal resection for both high-and low-grade glioma is an emerging concept in neuro-oncology that is being pursued with the hope that it will lead to improved PFS and OS. This aggressive approach is not without significant risk of loss of neurological functions, however, due to potential compromise of essential cortical or subcortical tissues. As stated in a recent review of surgical oncology for glioma: "the desire to achieve optimal oncological outcomes must be tempered by the possibility of loss of neurological function, including motor deficits, language dysfunction, and neurocognitive impairment, after radical excision of brain tissues. " 40 We identified 7 studies that specifically evaluated tumor resection beyond all currently detectable MRI capabilities. The majority of these studies focused on retrospective analyses and incorporated intraoperative cortical and subcortical electrostimulation as a means to resect until the boundary of functional nervous system tissue had been reached. Currently, there are only 3 groups that have published series focused on supratotal resection: 2 in high-grade glioma, and only 1 in low-grade glioma. These studies provide no evidence beyond OCEBM level 3 that supports this methodology. A further concern is the mere sparsity of patients who have been reported to have undergone this type of treatment-only 37 in low-grade glioma and only 51 in high-grade glioma, with a distinct lack of extensive follow-up. Most of these studies either lack controls entirely or have included limited control groups: 3 low-grade glioma studies had none, 1 low-grade glioma study combined supratotal and total resection and compared it with a combined group of subtotal and partial, and 1 low-grade glioma study compared results with a typical control group. In high-grade glioma, 1 study compared outcomes with a retrospectively identified control group, and another study also combined supratotal with gross total resection and compared it with a combined group of subtotal and biopsy only.
Findings from these studies which may support supratotal resection include: in low-grade gliomas, a significant increase in PFS (median not reached vs 65 mo), 37 decreased incidence of anaplastic transformation (0 vs 24.1%), 34 and reduced use of postoperative adjuvant treatment (6.7% vs 34.5%) 34 for supratotal compared with partial and subtotal resection; and in high-grade glioma, supratotal resection prolonged PFS time by ~6 months in one study, 36 and both PFS and OS by ~12 months in another. 39 Notably, it has previously been shown that a survival benefit is realized in grade III anaplastic astrocytomas and grade IV glioblastoma tumors when the resection includes the FLAIR-visible disease only in conjunction with an IDH1 mutation. 22 Furthermore, IDH1 mutant tumors were more likely to be completely resected. 22, 41 Recently, one study also questioned whether additional FLAIR resection beyond complete removal of the contrast-enhancing volume has any benefit in GBM, finding that postoperative FLAIR volume was not associated with either survival or recurrence. 42 Thus, despite these preliminary findings, it is essential to recognize that rigorous comparisons to appropriate controls in the majority of the reports included in our present literature review is lacking, and tumors that are biologically less malignant may also be those that are more amenable to a complete (or supratotal) resection. Furthermore, tumor location in relation to eloquent brain is a likely confounder in resectability. Lastly, there is the potential for significant patient selection bias without a clear understanding or evaluation of the factors that enable supratotal resection in the select cases of these reports.
It will be challenging to obtain more robust data to objectively assess the true value of supratotal resection while simultaneously balancing its risks. These data are particularly needed in low-grade glioma where patients may be at risk of having to live with neurological deficits for a decade or even longer as a consequence of surgery. The conventionally applied approach for generating high quality evidence is a randomized controlled trial in which currently accepted standard of care consisting of complete resection of enhancing (high-grade glioma) or nonenhancing (low-grade glioma) should be directly compared with supratotal resection. Unblinded randomized trials for surgical treatment have not been feasible in neurosurgical oncology and it is unlikely that there will be sufficient equipoise to engage in a prospective randomized trial for supratotal resection. While there are presently no published randomized controlled trials addressing supratotal resection, there is one registered trial on ClinicalTrials.gov: NCT02676687, which aims to assess supratotal resection of gliomas in non-eloquent areas, as defined by resection of at least 1 cm beyond FLAIR or enhanced MRI abnormalities, and comparing it with total resection in a double-blind randomized trial. This study, based in China, is currently recruiting a total of 120 patients, looking at a primary outcome of PFS, and secondary outcomes of volume of resection and KPS.
This systematic review is limited by the number of independent centers reporting supratotal resection in either low-grade glioma or high-grade glioma. It is further limited by the total number of patients (less than 100 combined), the lack of similar outcome measurements and patient stratification variables that would otherwise enable metaanalytic approaches, and in some instances, short followup times of supratotal resected patients. These limitations are, in themselves, instructive and should make clear to the neurosurgical community that the concept of supratotal resection remains an interesting hypothesis, but one that bears more rigorous evaluation. Despite these limitations, it is clear that other groups are demonstrating interest in cautiously pursuing this surgical technique. 43, 44 Given this interest, it further stresses the need for more objective data. Even in GBM, where deficits may be more acceptable to the patient, it has been proposed that prospective studies are necessary to assess survival and quality of life. 45 Patients undergoing planned supratotal resection should be evaluated by a multidisciplinary neuro-oncology team, which should include neurocognitive studies and neuropsychological assessment. 33 Our current recommendation is that additional rigorous studies, in particular by multiple independent research centers, are required before supratotal resection can be recommended as a standard in neurosurgical oncology. Further improvements in intraoperative visualization of tumor tissue, advances in microsurgical technique, and better evaluation of functional pathways, such as intraoperative stimulation mapping, could also greatly add to our ability to localize tumor cells and accomplish safer and more extensive resection. 40 Lastly, given the importance of establishing both the advantages and disadvantages of supratotal resection in a rigorous fashion, a feasible alternative to a randomized controlled trial may be a registry approach whereby neurocognitive assessments and centralized volumetric analysis with tumor location are recorded and a standardized set of outcomes objectively reported. These kinds of approaches are gaining traction as we move to health care reimbursement based on quality metrics and are already being employed in neurosurgical spine studies via the National Neurosurgery Quality and Outcomes Database (N 2 QOD) and the NeuroPoint Alliance. 46 Authorship statement. This study was conceptualized and overseen by MAV. CNdL collected data and drafted the manuscript. Both MAV and CNdL assessed records for inclusion and finalized the manuscript.
